The degree of change in the nucleotide sequence of human immunodeficiency virus type 1
The nucleotide sequence diversity of a major portion of the HIV-1 envelope gene was 3.7% between isolates from the woman and her heterosexual partner and 8.5% between isolates from this woman and her daughter, who had been infected for a longer period than the partner. The configuration of the phylogenetic tree demonstrated that the daughter's predominant isolate evolved from a progenitor of her mother's current strain. This study provides evidence of a continuous spectrum of sequence diversity between any two isolates ranging from those derived from the same person to those from close contacts and, ultimately, those from unrelated individuals. These data and methods can be applied to epidemiologic investigations of possible HIV-1 transmission between health care workers and their patients.
Nucleotide sequence variation between isolates of human immunodeficiency virus type 1 (HIV-1), particularly in the envelope gene (env), has been studied for its relevance to vaccine design, viral evolution, and pathogenesis (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . The considerable sequence heterogeneity among field isolates of HIV-1 can also be measured to assist epidemiologic investigations. Recently, the degree of sequence diversity between HIV-1 isolates from a dentist and his patients was analyzed to help determine whether transmission from this HIV-1-infected health care worker to his patients was likely (11) . Previous studies of sequence diversity have shown that most cultured HIV-1 isolates from the same individuals, termed "siblings," differed in the entire env gene nucleotide sequence by up to 2%, although most isolates from unrelated individuals, termed "cousins," differed by 6-22% (12) . Thus, comparisons of diversity in the env gene left a gap in the 2-6% range (12) . To examine the diversity in HIV-1 isolates from close contacts, including one with a known time of infection, we determined the DNA sequences of viruses from a family in which a woman transmitted HIV-1 heterosexually to her partner and vertically to her daughter. ¶ Viral nucleotide sequence heterogeneity exists not only between separate isolates of HIV-1 but within each single specimen as well. These heterogeneous populations of HIV-1 genomes within an individual sample, called quasispecies, have complicated the task of determining the predominant HIV-1 sequence in a specimen when traditional methods based on sequencing cloned DNA molecules are employed (13) (14) (15) . To facilitate rapid determination of the predominant HIV-1 sequences in viruses from this family, direct DNA sequencing was used. Determination of the predominant sequences made it possible to measure their diversity and phylogenetic relationship to each other and to other known HIV-1 sequences.
The degree of diversity in the env gene sequences from these close contacts spanned the previous gap between isolates derived from the same individual and those from unrelated individuals, thereby providing evidence for a continuous spectrum of nucleotide sequence diversity among isolates. These data demonstrated the degree of diversity that evolved between donor and recipient isolates when HIV-1 was transmitted between identified intimate contacts. This study illustrates that direct DNA sequencing with measurement of diversity and phylogenetic distances can be used for epidemiologic investigations of possible HIV-1 transmission between close contacts.
MATERIALS AND METHODS
Clinical Specimens. The viruses were obtained from an HIV-1-infected woman, her daughter, who was vertically infected at birth in 1977, and her heterosexual partner, who began living with her in 1978. The daughter's only risk factor for HIV-1 infection was being the child of an infected mother, and the partner's only risk was heterosexual contact with the mother. The clinical, epidemiologic, and immunologic features of the subjects were described elsewhere (16) . Informed consent was given by the woman for herself and her daughter and by her partner. This study was approved by the Statecultivated briefly in peripheral blood mononuclear cells to amplify replication-competent viruses, and virus was harvested at the first peak of reverse transcriptase activity (17, 18) . DNA was extracted, and an =1400-base-pair DNA fragment, representing variable and conserved regions of the HIV-1 env gene, including the third variable domain (V3 loop), was amplified by PCR. DNA extraction and PCR amplification were done in parallel on uninfected peripheral blood mononuclear cells as a control. Viral DNA was used as templates for PCRs with env-specific oligonucleotide primers. The upstream primer 5'-CAG CAC AGT ACA ATG TAC ACA TGG-3' corresponded to bases 6949-6972 of clone HXB2 (21) , and the downstream primer 5'-ATG GTG AGT ATC CCT GCC TAA CTC-3' was complementary to bases 8342-8366. To directly sequence the DNA of the amplified fragments, the double-stranded PCR products were converted to a single-stranded mixture in a second PCR-like reaction that used only a single oligonucleotide primer (19, 20 (12) . The sequence of HIV-1 env DNA amplified from each family member's sample was determined by direct DNA sequencing. The direct DNA sequencing gels clearly demonstrated the presence of predominant and minor HIV-1 species within each isolate as well as sequence differences between samples from different family members, mother, partner, and daughter (Fig. lb) . At the overwhelming majority of base positions (>99%), the identity of the predominant sequence from each isolate was unambiguous, reflecting a 10-fold or greater intensity of signal from one of the four DNA bases. At a few positions an approximately equal representation of two bases was observed (Fig. lb) , but overall a predominant sequence was clearly discernible.
The predominant sequences of the HIV-1 isolates obtained from the family members were aligned with the sequence of clone HXB2 (21) as a reference (Fig. 2) (Fig. 3) .
Based on the predominant nucleotide sequences from the three subjects, a phylogenetic tree was constructed by progressive alignment (Fig. 4) . The configuration of the phylogenetic tree illustrates that the daughter's predominant isolate evolved from a progenitor of her mother's current strain rather than one from the partner. The tree also indicates that the partner's strain is more closely related to the mother's strain than it is to any other known sequence (12) . The daughter had been infected >11 years, whereas the mother's sexual partner had been infected for a shorter period when the HIV-1 isolates were obtained. The configuration of the phylogenetic tree is thus consistent with the clinical and epidemiologic documentation that the daughter was vertically infected and that the mother transmitted HIV-1 to her child before she transmitted it to her partner (16) .
DISCUSSION
We studied the evolution of HIV-1 sequence diversity among related isolates by directly sequencing the HIV-1 env gene from three family members with a known epidemiologic relationship. Previous studies of HIV-1 sequence diversity among related isolates have focused on blood transfusionassociated infection. One study reported very limited sequence heterogeneity between env genes from a donor and several neonatal transfusion recipients (22) , another study found 4-8% diversity between strains from hemophiliacs who received one batch of pooled plasma (23) , and a third study found that variation in the third hypervariable domain (V3 loop) of env increased with time (24) . We had the opportunity to sequence donor and recipient isolates to examine the divergence that occurred over a period of years after HIV-1 was transmitted to close contacts heterosexually and vertically, two of the most common routes of transmission in the worldwide epidemic (25, 26) .
The levels of diversity in these close contacts are noteworthy for several reasons. They span the previously described gap of =2-6% diversity between the env genes of strains cultured from the same individuals (siblings) and those isolated from unrelated individuals (cousins) (12) . These data suggest that there is a continuous spectrum of nucleotide sequence diversity between any two isolates ranging from those derived from the same person to those derived from close contacts and, ultimately, to those derived from unrelated individuals. Generation of diversity in the V3 loop of gpl20 is of particular interest because this region contains the Proc. Natl. Acad. Sci. USA 88 (1991) A ---------------------G--T-----T----------CAG ---M1. --C-------GA----------------------G----G--G-GAA----------- 
--------------------------------------------G-----------G---M.--------------------T---------------------------------------
G7TAaG'c;AGCAGCAGAACAATTGCTGAGOGCTAT5GAGGCGCAACAGCA~tTrC principal neutralizing determinant ofHIV-1 and is, therefore, a candidate for an HIV-1 vaccine immunogen (9, 27). In addition, studies of vertical transmission have suggested that antibodies directed toward the principal neutralizing determinant may protect against infection of children born to HIV-1-infected women (28, 29) . Recent analysis of a large number of HIV-1 isolates revealed that the principal neutralizing determinant is less variable than originally thought (9, 30) . The primary amino acid sequences (Fig. 3 ) ofthe V3 loop from the three related isolates studied here were compared with the consensus sequence obtained from 527 North American and European sequences (30) . The partner's sequence had two amino acid substitutions, the mother's sequence had three substitutions, and the daughter's sequence had eight .006 BRU A -BR .020 changes as compared with the 35 amino acids comprising the consensus V3 loop. The partner's and mother's V3 loop sequences varied little from the consensus sequence or from each other's sequences, whereas the daughter's sequence diverged significantly. Because the mother was infected longer than either the partner or daughter (16) , it seems unlikely that evolution over time was the only factor influencing the daughter's sequence heterogeneity in the principal neutralizing determinant. These V3 loop sequence data are compatible with the hypothesis that the vertically infected daughter was infected with virus that escaped neutralization by maternal antibody (28, 29) , either because of low neutralizing titer or mutation.
In this study direct DNA sequencing could distinguish visually the major and minor viral DNA quasispecies. Direct DNA sequencing has been used previously to characterize heterogeneous mutations in the human genome and is particularly well suited to determine predominant sequences for studies of phylogenetic and epidemiologic relationships among HIV-1 strains. The advantage of this procedure for these studies is the relative speed with which it can determine the predominant sequence of a large fragment of the HIV-1 genome, in this case >1300 bases. By using direct DNA sequencing the need for DNA cloning is obviated, and it is therefore not necessary to do many independent sequencing reactions to distinguish variants generated by Taq DNA polymerase during PCR from the preexisting major and minor viral DNA quasispecies (13) (14) (15) .
Several factors may be involved in generating sequence heterogeneity after HIV-1 is transmitted between close contacts, including duration of infection, route of transmission, and host immune response, but the mechanisms involved are not well understood at this time. These data support the hypothesis that the degree of diversity may be a function of the duration of infection and the epidemiologic relatedness of the hosts (10). It should therefore be possible to use these data and methods in epidemiologic investigations of possible HIV-1 transmissions between close contacts. It will be necessary to examine serial samples from other sets of close contacts with different periods of infection and clinical situations to determine the pattern and rate of viral evolution with time.
